Strains of Streptococcus salivarius were screened by negative staining for the presence of surface structures. Two structural subgroups were found, carrying either fibrils or fimbriae, projecting from the cell surface. Eight strains carried a very dense peritrichous array of fibrils of two distinct lengths. Long fibrils had an average length of 175 nm, and short fibrils had an average length of 95 nm. Two strains carried only long fibrils, one strain carried only short fibrils, and another strain carried a lateral tuft of very prominent fibrils of two lengths, with a fibrillar fuzz covering the remainder of the cell surface. In all the strains in which they were present, the long fibrils were unaffected by protease or trypsin treatment. In contrast, the short fibrils were completely digested by protease and partially removed by trypsin. Neither long nor short fibrils were affected structurally by mild pepsin digestion or by lipase. The Lancefield extraction procedure removed both long and short fibrils. These twelve fibrillar strains were therefore divisible into four structural subgroups. Extracts of all the fibrillar strains reacted with group K antiserum. The second main structural subgroup consisted of nine strains of S. salivarius, all of which carried morphologically identical, flexible fimbriae arranged peritrichously over the cell surface. The fimbriae were structurally distinct from fibrils and measured 0.5 to 1.0 ,um long and 3 to 4 nm wide, with an irregular outline and no obvious substructure. There was no obvious reduction in the number of fimbriae after protease or trypsin treatment. Extracts of the fimbriated strains did not react with the group K antiserum. The two serological and structural subgroups could also be distinguished by colony morphology.
Streptococcus salivarius is found on the dorsal surface of the tongue (16) and is one of the earliest colonizers of the oral cavity in infants. It has been shown to preferentially attach to keratinized oral epithelial cells in vitro, reflecting its preference for the tongue surface (23) . Other oral streptococci preferentially attach to different sites in the buccal cavity (7) . The adhesion process is highly selective, and there is a close correlation between in vivo distribution of oral streptococci and in vitro selective adherence (6) .
The structure of the surface components of S. salivarius that mediate the highly specific attachment process has been insufficiently studied, So far the information available is from thin-sectioned material, which shows a fuzzy coat outside the cell wall (8) . This layer consists of indistinct, densely packed fibrils radiating from the cell surface which appear to bridge the space between the bacterial cell and the epithelial cell in adhesion studies. It is not clear whether the strains used carried the Lancefield group K antigen. It has subsequently been found that there are many functional differences between the strains of S. salivarius that react with Lancefield group K antiserum (K+ strains) and those that do not (K strains).
The surface of K+ S. salivarius strains is complex and has been shown to carry three categories of specific functional groups, or adhesins, that have been identified by in vitro and in vivo assays (26) . The first category of adhesin mediates host-related adherence and aggregation reactions, including saliva-induced aggregation, hemagglutination, and adherence to buccal epithelial cells. The second category mediates coaggregation with Veillonella alcalescens Vl, and the third category mediates coaggregation with Fusobacterium nucleatum LF. The adhesin from K+ strains that mediates * Corresponding author. coaggregation with V. alcalescens Vl is the Veillonellabinding protein, located on the cell surface and also released into the culture medium (28) .
In contrast to the adhesive K+ strains, it was observed that the K-strains of S. salivarius could not cause hemagglutination, were not aggregated by saliva, and had a reduced affinity for buccal epithelial cells (26) .
The micrographs in this paper show that S. salivarius strains can be divided into two structural subgroups that correlate exactly with the functional and serological groups already identified. The K' adhesive strains carry fibrils, and the K-nonadhesive strains carry fimbriae. These surface structures have characteristic features. Fibrils have a consistent length within each strain (76 to 289 nm) but no consistent width due to various degrees of clumping. Fimbriae, on the other hand, are much longer, show the same slight variation in length (0.5 to 1.0 p.m) on all strains tested, are consistent in width (3 to 4 nm), and do not clump.
MATERIALS AND METHODS
Organisms and culture methods. S. salivarius strains were isolated from human saliva on brain heart infusion (BHI) agar (Oxoid Ltd., Basingstoke, England) with 5% horse blood and incubated at 37°C under reduced oxygen tension in a candle jar. Preliminary identification was made by colony morphology, and the strains were identified with the short series of tests devised by Hardie and Bowden (12) , supplemented with an inulin fermentation test. Strains were subcultured weekly on BHI-blood agar and also maintained in Robertson cooked meat medium.
derived from strain HB, deficient in host-associated adherence properties [26] for strain HHT (Table 2) . Fibril lengths were measured by drawing a line around the cell circumference and connecting the longest of each type of fibril. The fibrils which were partially covered by the cell, therefore appearing to be shorter, were omitted from the measurements. The mean fibrillar lengths were calculated from at least 20 micrographs of each strain.
The long fibrils varied in diameter both along their lengths and from one to the next; it is possible that clumping occurred, giving these variable widths. In all eight strains the shorter fibrillar fringe gave a confluent edge, but the density of the longer fibrils varied considerably, from very dense on strain PAM to very sparse on strain HHT. It was impossible to quantify this apparent density variation.
The mutant strain HB-7 was found to carry short fibrils only (Fig. lc) . Measured at 93 nm, the fibril length (Table 2) was very similar to that of 90 nm found for the wild-type S.
salivarius HB, and these figures were within the limits (Fig. 2a) .
The other Wellcome group K strain, CN3410, revealed a prominent tuft of laterally positioned fibrils of two lengths on only one side of the cell. The shorter fibrils measured 159 nm and produced an obvious fringe ( Fig. 2b and 3a) . The longer, sparser tuft fibrils projected 289 nm from the cell surface (Table 2 ) and clumped noticeably. Some cells completely lacked the shorter tuft fibrils, carrying only the longer structures (Fig. 2b) . This strain carried a third category of fibrils around the remaining cell wall; these fibrils were much less densely packed and were shorter (120 nm) than the short fibrils in the tuft and hence could be ultrastructurally distinguished from them ( Fig. 2b and 3a) . These 12 fibrillar strains all carried the Lancefield group K antigen (Table 1) , and although they included four distinct types of surface morphology, they all carried fibrillar surface structures.
The nine remaining S. salivarius strains all carried flexible peritrichous fimbriae (Fig. 4a) . The fimbriae were much longer than the fibrils, extending <1.0 ,um from the cell wall, with a diameter of 3.0 to 4.0 nm. No clumping was observed. The fimbriae were present during all stages of growth in batch culture and could be found on most of the cells in a sample. No definite substructure could be observed, and the width and length were similar for all nine strains. Figure 5 is a diagrammatic representation of all the surface structures found on the S. salivarius strains screened in this study.
The strains were all examined after 18 h of static growth in BHI broth at 37°C. Maximum growth of all strains was achieved within this period. Under these conditions, the fibrillar strains produced additional bundles of fibrillar material which were only loosely associated with the cells and appeared to be extruded into the surrounding medium (Fig.  4b ).
These fibrillar bundles were observed many times on many fibrillar strains and were always associated with the cell surface. The fibrillar matts originated from the cell wall and could represent continued, localized extensions of the surface fibrils. Figure 4b shows the loose association of the fibrillar matts to the whole cells.
Selective removal of surface structures. Selected S. salivarius strains were subjected to various treatments in an attempt to further differentiate between the various surface structures. Four strains with long and short fibrils (NCTC 8618, CDA, PAM, and HB) and one fimbriated strain (CHR) were compared for their structural response to enzymes (treated for 4 h at 37°C in a water bath) and the Lancefield extraction procedure. All concentrations of protease (0.25, 0.5, and 1 mg/ml) completely removed the short fibrils ( Fig.  la and lb) . In all four strains of this type the short fibrils were sensitive to removal by protease. The mutant strain S. salivarius HB-7 carried only short fibrils (Fig. lc) , and these were completely removed by protease (1.0 mg/ml) (Fig. ld) , leaving a smooth cell wall surface.
Trypsin treatment (1.0 mg/ml) of these strains only partially removed the short fibrils, whereas mild pepsin digestion (20 jig/ml, pH 5.8) and lipase (0.12, 0.25, and 0.5 mglml) had no observable effect on either long or short fibrils. The long fibrils were not apparently removed or damaged by these four enzyme treatments, nor were the extracellular fibrillar bundles, which could still be found in the enzyme-treated preparations.
Estimation of any reduction in the number of fimbriae on S. salivarius CHR was difficult because the number varied among cells in the untreated state. However, micrographs (not shown) indicated no observable reduction in the number of fimbriae after protease (1.0 mg/ml) or trypsin treatment.
The 10-min Lancefield extraction procedure left some visible surface material which, due to the severity of the treatment, could not be identified as either long or short fibrils. Heating in acid for 20 min completely stripped all surface structures. After this treatment, many cells had lysed.
The same enzymes were used to treat the tufted group K strain CN3410 and the group K strain CN3928, which carried long fibrils only. When the short fibrils of strain CN3410 were digested with protease (1 mg/ml), the cells also lost the long fibrils (Fig. 3d) , leaving bald cells. The long fibrils were found intact in the supernatant (Fig. 3b) . Trypsin (1 mg/ml) partially removed the shorter tuft fibrils of strain CN3410, as well as the peritrichous fuzz, and appeared to have partially removed some of the long fibrils (Fig. 3c) . This material could be distinguished from the fibrillar bundles because it was present around all of the treated cells. Neither lipase (0.5 mg/ml) nor mild pepsin digestion (20 ,ug/ml, pH 7.2) (Fig.   3a) had any effect on the surface structures of strain CN3410.
The surface structure of strain CN3928 was apparently unaltered by any of the four enzyme treatments.
DISCUSSION
Correlation between structural and serological subgroups. This study shows that the biochemically homogeneous species of S. salivarius can be divided into two structural and serological subgroups, which correlated exactly for the strains tested here. The streptococcal group K antigen was always present in Rantz and Randall extracts from strains with a fibrillar surface morphology. Extracts from the fimbriated strains would not react with the group K antiserum. Colony consistency was another property that correlated exactly with the subdivision of S. salivarius strains into two subgroups. The K+ fibrillar strains represented 57% of those tested. These two groups (K+ and K-) probably represent serotypes I and II (15, 18) , since only type I strains react with the group K antiserum (24, 29) . Montague and Knox (18) found that the component responsible for type specificity is a cell wall polysaccharide, composed in both K+ and K-strains of galactose, glucose, rhamnose, and a trace of glucosamine. This polysaccharide was produced by both type I and type II strains, and the only detectable difference was that the rate of release after treatment with dilute acid was slower for Type II strains. The new observation reported here of different types of surface appendages on K+ and K-strains of S. salivarius may help to elucidate the basis of the serological difference.
Definitions of surface structures. To understand the basis of the selectivity of bacteria for attaching to different surfaces, it is necessary to accurately describe the ultrastructural features of any potential bacterial surface adhesin. very different structures, fibrils and fimbriae, seen on different S. salivarius strains (Fig. 5) . Fibrils are found on adhesive K+ strains, and fimbriae are found on nonadhesive K-strains.
The term fibril has already been used to describe the peritrichous but sparsely distributed surface structures on strains of Streptococcus sanguis (14) . It is therefore proposed that this term be used to describe the much more densely packed surface structures present on all the group K strains. In a pilot study of six S. salivarius strains (10), the surface features revealed by negative staining on K+ strains were called fimbriae. However, when we extended the study to include more strains, it became obvious that this description was unsatisfactory, and we distinguish between different types of surface structures. Other authors have also looked at the surface morphology of oral streptococci and referred to similar surface structures as fimbriae (1, 3) . However, because the structures on the S. salivarius K+ strains have no measurable width, are <0.4 ,um in length, and tend to clump, they do not fit the general description of fimbriae proposed by Ottow (21) . "Fuzzy coat" is a term also used to describe the appearance of the layer outside the cell wall in Streptococcus mitior (17) , Streptococcus mutans (20), S. salivarius (8) , and Streptococcus pyogenes (5) after thin sectioning.
Since 8 of 12 group K+ fibrillar strains carried two lengths offibrils, this appears to be the most common type of surface morphology within this serological group. The two Wellcome group K strains were biochemically atypical of the species S. salivarius and were also structurally atypical. Strain CN3410 is more similar to the tufted S. sanguis strains carrying the Lancefield group K antigen (19) , isolated from "corn cob" formations found in mature plaque. Further work is needed to ascertain the true identity of these interesting tufted group K strains.
The bundles of fibrillar material seen in the supernatant of all the group K strains originated from the cell wall and could represent extensions of the long fibrils, as both components were unaffected by the enzymes tested and were only removed by 20 min in 0.2 N HCI at 100°C.
The second main structural and serological subgroup (43% of the strains tested) consisted of fimbriated K+ strains. The term fimbriae has been used here to describe these structures because the termn has priority of usage over pili (4) . In numbers, distribution on the cell surface, diameter, and length, the S. salivarius structures fit the general description of fimbriae suggested by Ottow (21) . In comparison with gram-negative fimbriae, the S. salivarius fimbriae are thin and short (4.0 nm and <1.0 ,um, respectively); fimbriae can vary from 3 to 14 nm in width, and their length can reach 20 pum.
So far there are very few reports of structures resembling the S. salivarius fimbriae on other species of streptococci. Polar tufts of thin fimbriae were observed on strains of S. sanguis isolated from the human pharynx (13) , and a small number of S. mitior strains isolated from dental abscesses were described as fimbriated (9) . Streptococcus faecalis strains carry thin peritrichous fimbriae (11) which are only present on a proportion of cells, and the percentage of fimbriated cells varies throughout the growth cycle. The S. salivarius fimbriae were always present and showed no tendency to appear and disappear throughout the growth cycle. The fibrils of the group K strains were also very stable structures and were found to be present under a number of physiological conditions (10 Trypsin has been used by other workers studying the surface properties of oral streptococci, and it has been found to reduce adhesion in S. pyogenes (5) and to remove the fibrillar fuzzy coat of S. mitior (17) and S. salivarius (8 (26) . They found that after trypsin treatment (1.0 mg/ml), S. salivarius HB does not lose any of its host-associated adhesive properties, and we found that there are both long and some short fibrils present after identical trypsinization of the same strain. In contrast, pronase treatment of S. salivarius HB does retnove all host-associated adhesive properties (26) , and we found that only long fibrils remained after this treatment. These results imply that the shorter fibrils carry the adhesive properties. However, the mutant strain S. salivarius HB-7 (26) carried only short fibrils, and this strain had also lost all three host-associated adhesive properties: the ability to cause hemagglutination, to be aggregated by saliva, and to adhere to buccal epithelial cells, as measured by in vitro assays. Therefore, host-associated adhesive functions are not clearly located on either long or short fibrils, but probably on both. It is possible that pronase could be removing adhesins from the surface of the long fibrils, in a manner analogous to that of the much milder peptic digestion of S. pyogenes, which removes the M protein from the fibrillar fuzzy coat, which remains intact (1) . In this study, mild peptic digestion had no observable effect on fibril VOL. 157, 1984 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from structure. S. salivarius HB-7 retains Veillonella-binding activity (27) , and it also retains the short fibrils. However, pronase treatment does not affect the Veillonella-binding activity of S. salivarius HB (26) , but the short fibrils are removed; so the Veillonella-binding protein is obviously not located solely on either the long or the short fibrils.
A possible model for the relationship between fibrils and adhesins would be that the fibrils are the structural components upon which a number of separate adhesins are carried. Further support for this model comes from the fact that lipase had no structural effect on any long or short fibrils for any strain tested, but it has previously been reported that lipase pretreatment of S. salivarius reduces adherence by 53% (8) .
It is already known that the surfaces of group K strains of S. salivarius are complex, serologically and functionally. Stewart and McKeever (24) found that group K antiserum detected at least three antigens. Weerkamp and McBride (26) found three categories of adhesins on the surface of S. salivarius HB; one for adherence and aggregation interactions, one mediating aggregation with V. alcalescens Vl, and one for aggregation with F. nucleatum. The first two adhesins have been isolated and partially characterized as a glycoprotein and a protein, respectively (25) . We have only demonstrated two distinct structural components on S. salivarius HB, so the fibrils probably carry more than one kind of adhesin. So far the different adhesins cannot be attributed to either long or short fibrils.
Because of the structural and functional diversity within the biochemically homogeneous species of S. salivarius, it is important that the surface properties of strains be considered before they are used in adhesion studies.
